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Abstract PHA665752 (PHA), a selective small molecule

c-Met Inhibitor, potently inhibited HGF-stimulated and

constitutive c-Met phosphorylation, as well as HGF and

c-Met-driven phenotypes of a variety of tumor cells

including hepatocellular carcinoma cells. However, these

effects were impaired in c-Met-deficient cancer cells. In the

present study, we investigated the potential anti-human

c-Met-deficient hepatocellular carcinoma effects of Celas-

trol, a novel triterpene, and its combination with PHA.

Human hepatocellular carcinoma cells BEL-7402 (c-Met-

positive) and Huh7 (c-Met-deficient) were treated with

different dose of PHA with or without equal dose of Cel-

astrol, and cell growth, cell cycle and apoptosis were

evaluated, respectively, by MTT assay, flow cytometry and

Caspase3/7 activity. Nude mice bearing Huh7 xenografts

were used to assess the in vivo anti-tumor activity. Our

results showed that Celastrol at high concentration

([1.0 lM) induced G2/M arrest and apoptosis with the

activation of Caspase3/7 in Huh7 cells whereas at low

concentration (\1.0 lM) had no obvious effects. Low

concentration Celastrol presented significant combined

effects with PHA on Huh7 cells and Huh7 xenografts in

terms of growth inhibition, migration inhibition and

apoptosis induction. These results suggest that Celastrol

and its combination with PHA present the therapeutic

potential on c-Met-deficient hepatocellular carcinoma, and

deserve further preclinical and clinical studies.

Keywords Celastrol � PHA-665752 � Hepatocellular

carcinoma � Combination

Introduction

Hepatocellular carcinoma (HCC) is the sixth most common

malignancy and the third most common malignancy related

mortality rate in worldwide in the last decade [1]. Its

occurrence rate has gradually increased, approximately

600,000–700,000 deaths worldwide and it is a great health

problem. Especially in china, the percentage of Hepato-

cellular carcinoma (HCC) have mounted because of the

highest carrier prevalences of hepatitis B virus (HBV) and

hepatitis C virus (HCV), nearly 10 % of the general Pop-

ulation occurred Hepatocellular carcinoma [2]. Although

surgical resection and transplantation are the major cura-

tive treatments modality, a minority of patients is amend-

able because of poor liver function reserve or limited liver

donors. In addition, recurrent and metastatic diseases

remain the most important factors for survival in HCC

transplantation patients.

Hepatocyte growth factor (HGF) is an autocrine and

paracrine factor that is produced by stromal cells [3]. HGF

acts on c-Met, a high-affinity tyrosine kinase receptor.

After c-Met phosphorylation and activation, multiple

downstream signaling pathways are involved, including the

phospho- inositide 3-kinase (PI3 K)/Akt and mitogen-

activated protein kinase (MAPK)/Erk pathways [4]. Thus

HGF/c-Met signaling triggers a variety of cellular respon-

ses, including proliferation, survival, cytoskeleton rear-

rangements, cell–cell dissociation, and motility through
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those downstream events. Within cancer, HGF/c-Met

mediates a proliferative advantage and promotes tumor

invasion and metastasis [5]. So c-Met has been considered

a therapeutic target against tumor growth and metastasis in

multiple types of cancers including HCC [6, 7].

A small molecule ATP-competitive inhibitor of c-Met

tyrosine kinase, PHA-665752 (PHA), has been identified

[8]. PHA-665752 is selective for c-Met with respect to

other tyrosine and serine-threonine kinases. IC 50 of PHA-

665752 against each of these kinases was more than

300-fold higher than IC 50 against c-Met [9]. Moreover,

c-Met inhibition by PHA-665752 may be an effective

therapy for HCC in selected patients with strong c-Met

expression but may not be of benefit to HCC patients with

c-Met–negative disease [10].

In the present study, we investigated the potential anti-

human c-Met-deficient hepatocellular carcinoma effects of

Celastrol, a novel triterpene, and its combination with

PHA. We found that that Celastrol and its combination

with PHA could significantly inhibit HCC development

both in vitro and in vivo through multiple means. Thus we

firstly show that present the therapeutic potential on c-Met-

deficient hepatocellular carcinoma by Celastrol and its

combination with PHA.

Materials and methods

Reagents and antibodies

Celastrol (C0869, sigma) was prepared for 20 mM stock

and frozen at 20 �C. PHA-665752 (PZ0147, sigma).

Phospho-MET (#3077, cell signaling Technology), MET

(#3127, Cell signaling Technology), Sorafenib (LC Labo-

ratories, S-8599), VEGF (V4512, sigma)

Cell lines and cell culture

Human liver cancer cell lines Bel-7402 and Huh7 were main-

tained in RPMI-1640 medium (GIBCO) supplemented with

10 % heat-inactivated fetal bovine serum (GIBCO, 10099141),

penicillin and streptomycin (GIBCO, 10000U/ml).

Cell proliferation

Cells were seeded in a 96-well plate and cultured over-

night. Cells were treated with celastrol or PHA in Tripli-

cate. After72 h of incubation, Cells were then incubated

with MTT (5 mg/ml, 20 ll/well). After 4 h, MTT in the

cells was dissolved in DMSO and was measured at 570 nm

using Flax station3. The inhibition rate on cell proliferation

was calculated for each well as [IR(%) = (RLU control-

RLU compound)/(RLU control-RLU blank) 9 100 %].

Apoptosis assay

Cells were seeded in a 96-well plate, 5 9 103 per well and

cultured overnight. Cells were then treated with indicated

drugs. After incubated for the indicated time points, cells

were then incubated with Caspase3/7 reagent (promega)

for 0.5–1 h. Then the luminescence was measured on the

Flax station3.

Cell cycle analysis

Cells were seeded into the 6-well plates at 2 9 105 cells/

well and culture overnight. Cells were then treated with

indicated drugs. After incubated for the indicated time

points, cells were harvested and fix with 70 % ice cold

ethanol overnight. Spin at 2,000 rpm for 5 min, cells were

washed once with PBS, then cells were suspended in

200 ul PBS and treated with 10 ng/ml RNase A to wipe off

RNA for 15 min at 37 �C. Cells were then re-suspended in

1 ml of DNA staining solution (2.5 lg/ml propidium

iodide) at 4 �C for 30 min and the cell cycle stages were

detect by FACS assay.

Transwell migration assay

Celastrol and/or PHA treated Cells (2 9 106) were sus-

pended in serum free media with or without 20 ng/ml

recombinant human VEGF. Cells were allowed to migrate

for 6 h. After a 6 h incubation period at 37 �C, the non-

migrating cells were removed from the upper surface by

cotton swabs and the filters were collected with 0.5 mM

EDTA. Then cells were placed in a new 96 well plate and

MTT were added, the luminescence were then measured on

the Flax station3.

Xenograft mouse model of human liver tumor

Male nude mice (4–6 weeks) were inoculated subcutane-

ously (S.C.) with human liver cancer cell lines Huh7. When

tumor grew to about 100 mm3, the mice were treated with

celastrol (1 mg/kg) five days per week for three weeks,

Intraperitoneal Injection (i.p.) and vehicle was received

1 % DMSO, 7 % Cremophor/ethol (3:1), and 92 % PBS.

PHA-665752, (10 mg/kg), solution in L-lactate(pH4.8) and

10 % polyethylene glycol, per day, i.p. Tumor size was

measured twice per week. Tumor volume was calculated as

[(V = length/width2)/2].

Statistical analysis

All data are presented as mean ± SEM. Statistical differ-

ences were determined by a two-tailed t test. *P \ 0.05

was considered significant.
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Results

Celastrol induces growth inhibition of human

hepatocellular carcinoma cell lines

The protein expression levels of Met and p-Met are fluc-

tuated in diverse hepatocellular carcinoma cell lines. To

select hepatocellular carcinoma cell lines with relevant low

Met/p-Met protein expression levels, we screened several

hepatocellular carcinoma cell lines including Huh7, Bel-

7402, SMMC-7721, Bel-7404, QGY-7701 and QGY-7703.

We found that Met/p-Met protein expression levels were

extremely low in Huh7 cell when compared with Bel-7402

cell (Fig. 1a and data not shown). Thus, Huh7 and Bel-

7402 cells were ideal models for further biological test. As

previously reported, the anti-tumor effects of PHA was
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Fig. 1 Celastrol induces growth inhibition of human hepatocellular

carcinoma cell lines. a Lysate from Huh7 and Bel-7402 cells were

analyzed by Western blot using indicated antibodies. b-actin was used

as loading control. b, c Cells (2,500 cells/well) were incubated with

Celastrol (b) or PHA-665752 (c) alone for 72 h. MTT assay was used

to determine the antitumor proliferation efficacy and the IC50 of

Celastrol and PHA-665752 were calculated
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Fig. 2 Celastrol enhances the growth inhibition effect of PHA to

both Huh7 and Bel-7402 cells. a, b Huh7 (a) or Bel-7402 (b) cells

were incubated with Celastrol and/or PHA-665752 for 72 h, MTT

assay was used to determine the antitumor proliferation efficacy and

the IC50 of each treatment was calculated. c, d Huh7 (c) or Bel-7402

(d) cells were incubated with indicated drugs for 24 h, then cell

viability was determined by the MTT assay
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highly dependent on the activity of Met/p-Met, we firstly

treated Huh7 and Bel-7402 cells with PHA. As expected,

PHA significantly inhibited the proliferation of Bel-7402

cell with IC50 = 0.0833 lM. However, PHA failed to

inhibited the proliferation of Huh7 cell at low dose and the

IC50 was more than 10 times (IC50 = 1.2276 lM) higher

than Bel-7402 cell (Fig. 1b). These data was further con-

firmed the observations that the anti-tumor activity of PHA

was indeed dependent on Met/p-Met protein expression

levels. Celastrol have also been reported to show anti-

tumor efficacy in diverse tumors including hepatocellular

carcinoma [11]. To test the efficiency of Celastrol on

hepatocellular carcinoma cells, we further treated Huh7

and Bel-7402 cells with Celastrol and found that Celastrol

could inhibit the proliferation of these cells, although the

IC-50 of Huh7 cell was about 5 times higher than Bel-7402

cell. Taken together, these data suggested that both PHA

and Celastrol were able to inhibit the proliferation of

hepatocellular carcinoma cells and the differences of the

IC-50 may be dependent on Met/p-Met protein expression

levels.

Celastrol enhances the growth inhibition effect of PHA

to both Huh7 and Bel-7402 cells

Because the therapeutic efficacy of PHA is limited by Met/

p-Met protein expression levels in hepatocellular carci-

noma cells, hence, we tested whether Celastrol enhances

the efficacy of PHA on Met/p-Met-deficient hepatocellular

carcinoma cells. For this purpose, Huh7 cells were treated

with different concentrations of Celastrol (from 1 nM to

10 lM) and/or different concentrations (from 1 nM to

10 lM) of PHA for 48 h. As consistent with the data

described above (Fig. 1b), PHA has limited inhibitory

effect on Huh7 cells, while Celastrol could inhibit Huh7

growth in a dose–dependent manner (Fig. 2a). More

intriguingly, the combined treatment of Celastrol with

lower concentrations (from 1 nM to 0.1 lM) of PHA made

growth of Huh7 cells be greatly inhibited compared with

their single treatment (Fig. 2a). In the presence of 0.05 lM

of Celastrol, IC50 of PHA against Huh7 cells is 0.05 lM,

which was almost 4 % of its alone treatment (1.2276 lM).

The similar synergistic effect was also observed in Bel-

7402 cells (Fig. 2b). As consistent with this, their com-

bined treatment also more significantly affected the via-

bility of both Huh7 and Bel-7402 cells compared with their

alone treatment (Fig. 2a, d).

Celastrol enhances the anti-tumor activity of PHA

in vivo in Huh7 xenograft model

In order to determine whether Celastrol can affect the

growth of preexisting Met/p-Met-deficient hepatocellular

carcinoma, male nude mice (4–6 weeks) were inoculated

subcutaneously (S.C.) with Huh7 cells on one side, When

tumor grew to about 100 mm3, the mice were treated with

Celastrol and or PHA. 1 % DMSO was used as vehicle and

Sorafenib was used as positive control. After 4 weeks,

animals were euthanized and the tumor size was deter-

mined. There was no obvious difference in tumor size

among Celastrol, PHA and Sorafenib single treatment.

However, there was a very significant difference in tumor

size between Celastrol and PHA combination and other

single drug-treated mice. Celastrol and PHA combination

treatment significantly reduced tumor volume (Fig. 3a)

without affected the body weight of these mice (Fig. 3b).

These data suggested that Celastrol could significantly

enhance the anti-tumor activity of PHA in vivo.

Celastrol enhances PHA-induced migration inhibition

To investigate the underline mechanisms of in vivo anti-

tumor activity of Celastrol and PHA combination, we first

test whether Celastrol and PHA affect hepatocellular
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Fig. 3 Celastrol enhances the anti-tumor activity of PHA in vivo in

Huh7 xenograft model. a Huh7 cells were injected into 6-wk-old,

nude mice (3 9 106 per mouse). When tumor grew to about

100 mm3, the mice were treated with indicated drugs. Tumor size

was measured twice per week. Tumor volume was calculated as

[(V = length/width2)/2]. b Huh7 cells were injected into 6-wk-old,

nude mice (3 9 106 per mouse). When tumor grew to about

100 mm3, the mice were treated with indicated drugs. Mice body

was measured twice per week
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carcinoma cells migration. As shown in Fig. 4a, b, the

migration of both Huh7 and Bel-7402 cells were enhanced

by 10 ng/ml VEGF. Indeed, both Celastrol and PHA could

slightly decrease these cells migration. However, when

combined with Celastrol and PHA, VEGF-induced migra-

tion was almost inhibited.

Celastrol enhances PHA-induced cell cycle arrest

We next test whether Celastrol and PHA affect hepato-

cellular carcinoma cells cell cycle progress. As depicted in

Fig. 5a, b, Celastrol or PHA alone caused the slightly

increase in G2/M population of Huh7 or Bel-7402 cells.

However, Celastrol and PHA combination significantly

arrested cells at G2/M stage.

Celastrol enhances PHA-induced apoptosis

in hepatocellular carcinoma cells

We further test whether Celastrol and PHA affect hepato-

cellular carcinoma cells apoptosis. As shown in Fig. 6a, b

in vitro caspase activity test suggested that Celastrol and

PHA combination could dramatically increase the activity

of Caspase3/7, indicating that apoptosis induction will be

contribute to the in vivo anti-tumor activity of Celastrol

and PHA combination.
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migration assay. b Bel-7402 cells were treated with indicated drugs and subjected to transwell migration assay
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Fig. 5 Celastrol enhances PHA-induced cell cycle arrest. a Huh7 cells were treated with indicated drugs and cell cycle stages were determined

by FACS assay. b Bel-7402 cells were treated with indicated drugs and cell cycle stages were determined by FACS assay
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Discussion

The recent clinical success of combining targeted inter-

ventions with chemotherapies has extensively stimulated

the relevant studies. Consequently, the molecular basis for

the improved efficacy of combined treatment remains a

topic of active investigation.

PHA is of considerable interest as an anti-tumor agent, in

part, because of the specificity of its action in targeting

regulating c-Met tyrosine kinase and its downstream sig-

naling pathway[12, 13]. The key mechanism has been

implicated in the resistance of cancer cells to the cytotoxicity

of PHA—the expression level of c-Met. Indeed, PHA almost

has no obvious effect on c-Met deficient tumors.

Celastrol, a natural compound extracted from Triptery-

gium wilfordii, exerts prominent anti-tumor activities

against a variety of tumors through modulating proteasome

activity, heat shock response, and NF-kB signaling

pathways [14–16]. However, few reports describe the

effects of combining celastrol with other anti-cancer

agents. Here, we investigated the potential anti-human

c-Met-deficient hepatocellular carcinoma effects of Celas-

trol and its combination with PHA. By using MTT, flow

cytometry and Caspase3/7 activity detection assays, we

found that Celastrol enhances PHA-induced migration, cell

cycle arrest and apoptosis in hepatocellular carcinoma

cells.

In conclusion, our results show that the combination of

Celastrol and PHA could effectively inhibit c-Met-deficient

hepatocellular carcinoma cells growth, migration and

apoptosis both in vitro and in vivo. We found that even at

low concentration, this combination also exerted significant

anti-c-Met-deficient hepatocellular carcinoma activity

which could overcome the disadvantages of both Celastrol

and PHA alone. These results suggest that Celastrol and its

combination with PHA present the therapeutic potential on

c-Met-deficient hepatocellular carcinoma, and deserve

further preclinical and clinical studies.
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